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Peptide growth factors can initiate changes in cell fate in Xenopus ectodermal explants and induce the formation of
mesoderm. Marker genes expressed in mesoderm allow the analysis of whether, or how much, induction has occurred, but
do not tell us what molecules are involved in carrying out the response. In this report we describe the isolation of genomic
and cDNA clones of Mix.2, a gene closely related to the Xenopus homeobox gene Mix.1, and demonstrate that the promoter
of the Mix.2 gene is responsive to mesoderm induction signals when linked to a CAT reporter and microinjected into
developing Xenopus embryos. Like the chromosomal Mix.1 gene, microinjected Mix.2 gene plasmids respond to activin
in the presence of cycloheximide in animal cap assays and also respond to the embryonic inductive signal in Nieuwkoop
recombinants. The injected promoter does not respond to TGF-b2 or FGF. Deletion analysis of the Mix.2 promoter demon-
strated that sequences required for maximal transcriptional activity in response to mesoderm induction are scattered across
a 290-bp region. This is the ®rst report of a microinjected plasmid responding to immediate-early transcriptional activation
in developing Xenopus embryos. This assay reduces the complexity of the cellular response to embryonic induction to the
simple question of which molecules activate the Mix.2 promoter and provides a sensitive and rapid test with which to
pursue the answer. q 1996 Academic Press, Inc.
INTRODUCTION Activin genes are expressed in developing embryos from
the mid-blastula transition onward (Dohrmann et al., 1993),
In Xenopus, mesoderm is formed in the equatorial region and the Vg1 protein is produced maternally (Vize and Thom-
of the embryo in response to an inductive signal emanating sen, 1994; Kessler and Melton, 1994). Abolishing activin
from the vegetal endoderm (reviewed by Nieuwkoop, 1985). receptor activity blocks the capacity to form mesoderm
This event can be reconstructed in vitro, as ectoderm and (Hemmati-Brivanlou and Melton, 1992). Although it is not
endodermal explants cultured separately form no meso- known exactly what role activins play in the in vivo induc-
derm, but do form mesoderm and differentiate axial struc- tive signal, their inducing capacity, early expression, and
tures when cultured in contact with each other (Nieuw- the phenotype of the dominant-negative receptor indicate
koop, 1969). The nature of the embryonic signal is un- that they will probably be involved at some level, if not as
known, but two classes of peptide growth factors induce the primary signal then possibly as a later component in the
isolated ectoderm to differentiate into mesoderm. These are ampli®cation/propagation phase of the inductive response.
®broblast growth factor (FGF)-related (Slack et al., 1987) Determining how cells respond to an activin-initiated in-
and activin/Vg1/BMP-related factors (Thomsen et al., 1990; duction signal will allow us to identify the cellular compo-
Asashima et al., 1991; Vize and Thomsen, 1994). Of these, nents involved in mediating the change in fate in embryonic
only activin and Vg1 are candidates for the authentic meso- marginal zone cells.
derm induction signal, while FGF appears to play a role in The use of molecular markers enables the sensitive detec-
competence to respond to activin/Vg1 signals (LaBonne and tion of the mesoderm inductive signal (Gurdon et al., 1985)
Whitman, 1994; Cornell and Kimelman, 1994). and the use of immediate response genes allows the detec-
tion of the ®rst transcriptional responses to induction (Rosa,
1989; Smith et al., 1991). In the experiments reported here1 Present address: Department of Zoology, University of Texas,
Austin, TX 78712. this concept is carried one step further and it is demon-
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strated that a microinjected promoter from a new immedi- RESULTS
ate response homeobox gene, Mix.2, accurately reports the
cell's early response to activin-mediated induction. This Isolation of the Mix.2 Gene
allows the DNA sequences responsible for the transcrip-
The Mix.2 homeobox gene was isolated by PCR of re-tional response to induction to be examined, rather than
verse-transcribed gastrula stage cDNA using primers com-simply reporting whether or not induction has occurred. A
plementary to a previously characterized immediate-re-290-bp region containing such activin responsive sequences
sponse homeobox gene, Mix.1 (Rosa, 1989). The PCR clonewas identi®ed by deletion analysis of promoter activity in
was used to isolate genomic clones from a Xenopus laevisvivo. The injected hybrid gene thus provides a marker
EMBL4 library (Krieg and Melton, 1985), and the genomicwhich can be used to move backward from the cellular
clone was in turn used to provide sequence data for theresponse to the transcription factors to the transducing mol-
generation of cDNA clones containing the complete openecules that regulate the embryonic response to inductive
reading frame (ORF) by PCR. The nucleotide sequence ofsignals.
the ORF was determined from the cDNA clone, and that
of the promoter from the genomic clone. The cDNA se-
quence is available from GenBank under Accession No.MATERIALS AND METHODS
U50745, and the promoter sequence under Accession No.
U33914. Promoter numbering used in this paper is basedThe Mix.2 homeobox gene was isolated by RT-PCR from Xeno-
on the presumptive cap site (/1) located 75 bp 5* to the Apus stage 10 embryo RNA (Nieuwkoop and Faber, 1994) using prim-
of the initiator AUG (the last three bases of the promoterers homologous to the Xenopus Mix.1 gene sequence (Rosa, 1989).
The Mix.2 PCR product was used to screen a Xenopus genomic sequence). The nucleotide sequences of the two Mix ORFs
library, and sequence from the genomic clones was used to design are 89% identical at the nucleotide and 83% identical at
primers that allowed the generation of RT-PCR products encoding the amino acid level. There is a TATA box consensus se-
the entire open reading frame. Assays for RNA levels were per- quence 96 bp from the ATG initiation codon of the ORF
formed using semi-quantitative RT-PCR (LaBonne and Whitman, (GenBank Accession No. U33914).
1994), incorporating 2 mCi of [a-32P]dATP per reaction, 18 cycles
of ampli®cation for EF-1a and CAT, and 25 cycles for Mix.2. One
Mix.2 PCR primer was derived from the Mix.2 5*-untranslated re- Expression of Mix.2
gion, which has minimal homology to Mix.1 (5* CACATGTTT-
The Mix.1 and Mix.2 genes are expressed in identical tem-TGCAAGAGCTA 3*), while the second is conserved between
Mix.1 and Mix.2 (5* GGGCTGCTGCTGGATGTCCTT 3*). Analy- poral and spatial patterns in RT-PCR analysis of whole and
sis of CAT expression from p2.5Mix2CAT-injected embryos was dissected embryos (data not shown). Both genes are ex-
performed using the Mix.2 5* primer and a 3* primer located within pressed in both the endoderm and the mesoderm (Rosa,
the CAT open reading frame (5* GGCGGGCAAGAATGTGAA 3*). 1989). Examples of the whole-mount in situ staining pattern
Embryos were injected in the animal pole for animal cap assays, observed with Mix gene probes are available on the internet
or the vegetal pole for whole embryo assays, with 5 nl of DNA (100
via the Xenopus molecular marker resource (XMMR, 1996).
mg/ml in water) at the one- or two-cell stage (Vize et al., 1991).
Endodermal staining is obvious only in pregastrula stages,When the animal cap assay was used, linearized (SacI) plasmids
while mesodermal staining continues through to early neu-were utilized as they provided a higher signal; supercoiled plasmids
rula stages.were used for vegetal pole assays.
The activation of transcription from microinjected plasmids was
assayed by placing animal caps from plasmid-injected embryos in
Microinjected Mix.2 Promoter Sequences Generate10 mg/ml cycloheximide (CHX) for 15 min, then adding growth
an Immediate/Early Response to Mesodermfactors. Caps were incubated in growth factors plus CHX for 2 hr,
Inductionthen harvested, RNA isolated, and subjected to RT-PCR as de-
scribed above. Although the level of protein synthesis was not
DNA sequences upstream of the initiation codon werequantitated, these conditions are more stringent than those demon-
isolated from a Mix.2 EMBL4 genomic clone as a 2.5-kbstrated by others to block 90% of protein synthesis in similar
restriction fragment and cloned adjacent to a CAT reporterexplants (Cascio and Gurdon, 1987), and these conditions com-
gene. This fragment extended from the Bsu361 site immedi-pletely inhibited cell division, indicating that cyclin translation
was effectively blocked. ately 5* to the initiation ATG (/67 to/73, GenBank Acces-
Animal caps were induced with peptide growth factors for 2 to sion No. U33914), to a BamHI site 2.5 kb upstream. The
3 hr in 0.51 MMR plus growth factor. FGF was used at 100 ng/ml, regulation of this plasmid, p2.5Mix2CAT, was tested by
PIF at 10 units/ml (Sokol et al., 1990), and recombinant human injecting plasmids into the animal pole of one- or two-cell
activin (Genentech) at 1 nM. PIF is conditioned medium harvested embryos, allowing the embryos to develop to stage 8 or 9,
from a mouse macrophage cell line, the active component of which and then removing ectodermal caps and culturing them in
is believed to be activin A (Sokol et al., 1990). No differences were
the presence or absence of peptide growth factors (see Vizeobserved in experiments using puri®ed activin and PIF culture me-
and Thomsen, 1994). Groups of 10 ectodermal explants (ani-dium. Control experiments indicated that each of these three treat-
mal caps) per sample were always used to compensate forments induced the formation of differentiated mesoderm, as evi-
sample to sample variation caused by the mosaic expressiondenced by formation of vesicles in FGF-treated samples and gastru-
lation movements in activin- and PIF-treated explants (not shown). patterns observed from microinjected plasmids (Vize et al.,
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media conditions (i.e., presence or absence of CHX) irrespec-
tive of growth factor addition, indicating that the increase
in expression of Mix.2 was not due to a general increase in
transcription rates or mRNA stability induced by the
growth factor (Fig. 1). The injected gene is therefore regu-
lated in response to induction in a manner very similar to
those of the chromosomal Mix.2 and Mix.1 genes.
The regulation of the CAT reporter linked to the microin-
jected Mix.2 promoter was also examined by testing CAT
enzyme levels in extracts prepared from animal caps con-
taining the injected plasmid (Fig. 2A). Again samples were
generated from pools of 10 caps to reduce sample variability.
Samples from caps induced with PIF (Sokol et al., 1990)
contained between 5- and 10-fold more CAT activity than
control (uninduced) caps. Similar inductions were observed
with puri®ed recombinant human activin bA (Fig. 2), but
not with recombinant Xenopus FGF (Fig. 2) or with puri®ed
porcine TGF-b2 (not shown). The level of CAT enzyme
response to induction by activin (5- to 10-fold, Fig. 2) is
similar to that observed for CAT mRNA (Fig. 1) and can
FIG. 1. Expression of Mix.2 and EF-1a chromosomal genes and therefore be used as an accurate indicator of the cellular
microinjected p2.5Mix2CAT (Mix.2/CAT) in response to induction response to the activin signal.
by activin and FGF, in the presence or absence of cycloheximide.
Caps were treated with inducing molecules for 2 hr. CHX treatment
was performed by adding 10 mg/ml CHX (Cascio and Gurdon, 1987) The 2.5-kb Mix.2 Promoter Is Suf®cient for in Vivo
to embryos 30 min prior to dissection, and CHX was maintained Response to Inductive Signals
at this concentration throughout dissection and growth factor treat-
This CAT assay system was then used to analyze whetherment. Activin treatment was as described (Sokol et al., 1990); Xeno-
the injected plasmid could respond to the in vivo embryonicpus FGF (Kimelman et al., 1988) was used at 100 ng/ml. Transcript
levels were assayed by RT-PCR (LaBonne and Whitman, 1994). induction signal in addition to the in vitro activin signal.
The background expression observed in uninduced caps is always Nieuwkoop recombinants (Nieuwkoop, 1969) were gener-
observed from injected plasmids in Xenopus embryos. ated using animal caps from stage 9 embryos previously
injected with p2.5Mix2CAT at the one-cell stage and unin-
jected stage 9 vegetal explants. Uninjected vegetal cells
were used as the inducing source because injected plasmid
is strongly expressed in mesodermal and endodermal ex-1991). Following culture, RNA or protein extracts were pre-
pared and analyzed by CAT assay or RT-PCR. plants in injected embryos, presumably re¯ecting activation
by the endogenous inductive signal. Once again pools of 10The regulation of p2.5Mix2CAT DNA was ®rst tested by
isolating RNA from plasmid-containing animal caps in- samples were used to reduce sample to sample variability.
The recombinants were compared to animal caps and vege-duced by either activin or FGF, in standard medium or in
medium plus CHX. Total RNA was then isolated and con- tal explants from injected embryos. Figure 2B shows activa-
tion of p2.5Mix2CAT by contact with vegetal cells, as in-verted to cDNA. Quantitative RT-PCR (LaBonne and Whit-
man, 1994) was performed on 0.5 cap equivalents of cDNA jected animal caps contain detectable CAT activity only
when cultured in contact with vegetal cells. This resultusing primers speci®c for CAT mRNA expressed from the
injected plasmid, and for the endogenous Mix.2 and EF-1a indicates that the injected plasmid is regulated accurately
by the in vivo embryonic signal in addition to the in vitromRNAs as internal controls. The chromosomal Mix.2 gene
is expressed in the expected pattern for an immediate-early activin-mediated signal. There is low CAT activity in vege-
tal cells isolated from injected embryos, indicating thatresponse to induction in that expression in response to ac-
tivin was rapid and occurred in the absence of protein syn- some of the injected DNA disperses as far as the vegetal
hemisphere.thesis (Fig. 1). The Mix.2 gene was not induced by FGF. The
pattern of induction of the endogenous Mix.2 gene is thus
identical to that reported for Mix.1 (Rosa, 1989), and the
Mix.2 Promoter Sequences between 0320 and 030pattern of expression from the injected p2.5Mix2CAT plas-
Are Required for an Ef®cient Response to Inductivemid is similar to that of its chromosomal counterpart. This
Signalspattern of induction also occurs in the presence of CHX,
indicating that the injected promoter responds to the imme- As transcription of the injected plasmid seems to faith-
fully reproduce the expression of the chromosomal Mix.2diate signal triggered by activin in the same manner as the
chromosomal gene. The levels of the endogenous EF-1a gene, deletion analysis of the injected promoter should iden-
tify elements involved in regulating expression of the chro-control are similar between samples treated under the same
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FIG. 2. In vivo assay of promoter deletions. (A) CAT assay of animal caps containing p2.5Mix2CAT DNA. Control caps were cultured
in 0.51 MMR. Murine activin (PIF) treatment was as described by Sokol et al. (1990), human activin bA was recombinant activin bA
(provided by Genentech) at 1 nM, and recombinant Xenopus FGF was used at 100 ng/ml. Cells were treated with growth factors for 3 hr.
Two cap equivalents from a sample of 10 pooled caps was used per assay. (B) Activation in Nieuwkoop recombinants. Embryos were
injected with p2.5Mix2CAT in the animal pole, developed to stage 10, and then the animal or vegetal poles were explanted and cultured
separately for 5 hr. In the recombinant sample, animal caps from injected embryos were cultured in contact with vegetal explants from
uninjected embryos for 5 hr. Samples were then analyzed for CAT enzyme activity. (C) Deletion of the promoter down to 367 bp does
not cause any signi®cant drop in activin responsiveness. The response of animal caps containing p0.367Mix2CAT (0.367) or p2.5Mix2CAT
(2.5) to PIF is indicated. (D) Analysis of promoter deletions in the vegetal pole of intact embryos. Deletion constructs were microinjected
into the vegetal pole of one- or two-cell embryos; then the embryos were raised to stage 14 and assayed for CAT activity. There is a steady
decline in expression levels, with the biggest drop in activity being observed when less than 194 bp of promoter sequence was present.
(E) Analysis of sequences adjacent to the Mix.2 TATA box. The activity of sequences from 0320 to 030 were tested by cloning them
adjacent to a minimal E4 promoter and assaying the level of expression observed when microinjected into the vegetal pole. This region
of the promoter activates the E4 TATA box to an extent similar to that of the Mix.2 TATA box. Deletion of 30 bp adjacent to the TATA
box lowers expression drastically, and deletion to 0120 abolishes expression. A, B, and C are animal cap assays, and D and E are whole
embryo assays. The name of the microinjected plasmid is shown below each panel.
mosomal gene. Deletions of p2.5Mix2CAT were initially pole of whole embryos (Fig. 2D) and in animal caps in re-
sponse to PIF (Fig. 2C). Removal of sequences down to0367performed by exonuclease III digestion and additional tar-
geted deletions were then generated by PCR. The different bp from the presumptive TATA box did not result in any
signi®cant decrease in expression either in whole embryospromoter constructs were subsequently assayed for expres-
sion in response to the native induction signal in the vegetal or in PIF-treated animal caps (Fig. 2C). Deletion beyond this
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point resulted in a steady decline in transcriptional activity DISCUSSION
both in activin-induced animal caps (data not shown) and
in the vegetal pole of whole embryos (Fig. 2D). Deletion The Mix.2 gene is closely related to the previously de-
beyond 0194 essentially abolishes expression in the vegetal scribed Mix.1 gene in sequence, embryonic expression pat-
pole, consistent with the identi®cation of bases 0215 to tern, and transcriptional response to mesoderm inducing
0166 as targets for binding by the activin-activated DNA growth factors. The proteins encoded by the two genes are
binding factor, ARF (Huang et al., 1995). 83% identical (89% nucleotide), somewhat less than the
In order to test the role of sequences surrounding the degree of conservation observed between other duplicated
TATA box, the region from 0320 to 030 (just upstream of Xenopus genes. For example, duplicated a-globin genes dif-
the TATA box) was cloned upstream of a heterologous fer by only 7.6% (KnoÈchel et al., 1985), serum albumin genes
TATA box from the adenovirus E4 promoter (Leza and Hear- by 7% (Moskaitis et al., 1989), and XIhbox2 genes by only
ing, 1988). The 0320 to 030 region contains the ARF bind- 4.5% (Fritz et al., 1989) at the nucleotide level. The nucleo-
ing site reported by Huang et al. (1995). The Mix.2 promoter tide sequence indicates that Mix.2 encodes a complete pro-
sequences were found to activate the heterologous minimal tein (GenBank Accession No. U50745), which, together
TATA promoter to an extent similar to that of their own with the observation that the gene is transcribed, argues
TATA element (Figs. 2C and 2E). Sequences immediately that it is not a nonfunctional pseudogene. Both Mix.1 and
5* to the TATA box were then tested for their activity by Mix.2 are expressed in the same spatial and temporal pat-
generating 0320 to 060 and 0320 to 0120 fragments by terns, have identical homeodomains, and respond to the
PCR and cloning them adjacent to the E4 minimal TATA same embryonic induction signals.
promoter. Removal of only 30 bp from the 3* end of the Deletion analysis of the Mix.2 promoter indicated that
active promoter element resulted in a signi®cant decrease in sequences between 0320 and 0252 are required for an ef®-
expression levels in both whole embryos (Fig. 2E), indicating cient response to activin, and deletion beyond 0194 effec-
that these elements are essential for the ef®cient transcrip- tively abolishes expression both in the vegetal pole (Fig. 2D)
tional activation in the vegetal pole or that the spacing of and in response to activin (data not shown; Huang et al.,
elements within this region relative to the TATA box is 1995). The region between 0320 and 030 is capable of driv-
crucial. Sequences between0320 and030 are therefore nec- ing normal levels of expression from a heterologous TATA
essary (Fig. 2E) and suf®cient (Fig. 2C; Huang et al., 1995) box in microinjected embryos, but further deletion from
to respond ef®ciently to both activin and the embryonic either end of this element reduces promoter effectiveness
induction signal. greatly (Fig. 2E). As a number of short DNA sequences
within this region are similar to known transcription factor
binding sites, these sequences were tested for their capacityComplexity of the Activin Responsive Element
to respond to activin by multimerization and cloning up-
The sequence between 0320 and 030 contains sequences stream of a heterologous minimal promoter. None of these
resembling many known transcription factor binding sites, sites was capable of responding to soluble activin in animal
including some known to be involved in mediating the tran- cap assays. The present data indicate that multiple different
scriptional response to other growth factors. Constructs activities are required for an ef®cient transcriptional re-
containing multiple copies of a number of these sites cloned sponse to the inductive signal. The region between 0215
upstream of the minimal E4 TATA promoter were gener- and 0166 identi®ed by Huang et al. (1995) is therefore one
ated and tested for their activity in injected embryos, but of a set of binding sites required for transcriptional respon-
all failed to respond to activin in the animal cap assay. siveness to activin-mediated signals.
Sequences which were tested and found to be nonresponsive The demonstration that an injected plasmid accurately
include Oz1 (0355 to 0345), AP1 (0320 to 0300 and 0110 responds to one of the earliest events in the cellular re-
to 090), AP4 (0325 to 0310), AP5 (0251 to 0235), and sponse to induction is important, as it allows the use of
E4TF1 (0280 to 0260), and two novel regions identi®ed mesodermal markers to be pushed back beyond simply re-
functionally (Fig. 2), 0320 to 0252 and 065 to 026. Huang porting whether or not an event has occurred toward an
et al. (1995) used DNA binding assays to map Mix.2 pro- understanding of the molecules involved in regulating the
moter sequences bound by activin-responsive factors in em- signal. The identi®cation of the activin-responsive region
bryo extracts. These studies identi®ed bases 0215 to 0166 of the Mix.2 promoter has provided the starting point for
as a key binding site and demonstrated that three copies of such experiments.
this sequence could activate a heterologous TATA reporter
plasmid if co-injected with activin mRNA. The results pre-
sented here indicate that although the 0215 to 0166 se- ACKNOWLEDGMENTS
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